In integrated supply chains, performance evaluation becomes more challenging since not only the distribution function but also the manufacturing function will be considered. In addition, there are many variables involved in the performance evaluation. More important, there exist interactions between some variables. Problems with the integrated characteristics given above are difficult to be transformed into mathematical optimization models. When possible, often there are tens of thousands of constraints and variables for a deterministic situation. However, traditional deterministic optimization is not suitable for capturing the truly dynamic behavior of most real-world applications. The main reason is that such applications involve data uncertainties that arise because information that will be needed in subsequent decision stages is not available to the decision maker when the decision must be made (Beamon, 1998) . Poorly integrated enterprise logistic system components and processes make it more difficult for firms to compete and differentiate themselves. Only with an integrated approach to supply network performance analysis and management can firms locate and remove sources of inefficiency and waste (Ross, Venkataramanan and Ernstberger, 1998) . Through the performance evaluation, the impacts of different factors such as reorder point, safety stock, degree of component commonality and manufacturing flexibility can be investigated. Thus, simulation study can help us gain insight in network configuration problem. In turn, this can assist companies' decision-making in their supply chain management. Due to the shortened product life cycle and the dynamics of the product market, a company has to improve current products and/or add new products to its existing product line. There are a few strategies available for a supply chain to simultaneously deal with product variety and keep high levels of productivity. Some of these are supply chain integration, component part commonality, and process flexibility. Different products may share common components (therefore, common inventories) and resources (facilities and capacities). Correspondingly, this requires that the company to reconfigure its supply chain network structure. The configuration of a supply chain network, including the links between entities and operational policies, is changeable and aimed at delivering products to customers in an efficient and effective way. The issue is how to evaluate and then change the structure of the network. The evolution aspect of the supply chain network structure provides the basis for the change.
The development of analytical measures describing product structure charac-teristics is a prerequisite to understanding the relationships between product structure and supply chain performance. One characteristic of product structures is the degree of common components in a sub-assembly, a single product or any product family. The traditional MRP methodologies are completely blind to commonality and consequently are unable to exploit it in any way (Miguel, et al., 1999 ).
There exist a rich literature studying component commonality. However, the majority of work published so far has concentrated on the related effects of inventory and safety stock levels only. It has been clearly demonstrated in the literature that introducing a common component that replaces a number of unique components reduces the level of safety stock required to meet service level requirements. Collier (1981) initiates an interest in taking advantage of the commonality situation. He finds that increased commonality reduces production costs through larger production lot sizes and reduces operation costs through increased standardization. Eynan and Rosenblatt (1996) study the effects of increasing component commonality for a single-period model. They develop optimal solutions for the commonality and non-commonality models and provide bounds on the total savings resulting from using commonality. They demonstrate, under general and specific component cost structures, that some forms of commonality may not always be a preferred strategy. Furthermore, they present conditions under which commonality should not be used. Hillier (1999) develop a simple multiple-period model with service level constraints to compare the effects of commonality in the single-period and multiple-period case. The results are drastically different for these two cases. When the common component is more expensive than the components it replaces, commonality is often still beneficial in the single-period model, but almost never in the multiple-period model. Hong and Hayya's paper (1998) consider the effects of component commonality in a single-stage manufacturing system of two products manufactured in a single facility. They consider two economic lot schedules: the common cycle (CC) and basic period (BP) schedules. For each lot schedule, an expression for the total relevant cost for the system was given in their paper.
In an environment where demands are stochastic, it seems a good strategy to store inventory in the form of semi-finished products (vanilla boxes) that can serve more than one final product. However, finding the optimal configura-tions and inventory levels of the vanilla boxes could be a challenging task. Swaminathan and Tayur (1998) model the above problem as a two-stage integer program with recourse. By utilizing structural decomposition of the problem and sub-gradient derivative methods, they provide an effective solution procedure. Product structure (or bill of material) is a key input to an integrated supply chain design. The product structure may have a significant impact on component demand patterns, work-in-process inventory, and fill-rate performance. However, the effect of alternate product structures on integrated supply chains is not well understood. The simulation study in this chapter is designed to investigate the impacts of component commonality on the integrated supply chain network. Process flexibility, whereby a production facility can produce multiple products, is a critical design consideration in multi-product supply chains facing uncertain demand. The challenge is to determine a cost-effective flexibility configuration that is able to meet the demand with high likelihood (Graves and Tomlin 2003) . In a make-to-order environment, this flexibility can also be used to hedge against variability in customer orders in the short term (Bish, Muriel and Biller 2005) . Graves and Tomlin (2003) present a framework for analyzing the benefits from flexibility in multistage supply chains. However, these analytical results are only suitable for simplified supply chains.
The remainder of this chapter is organized as follows. Section 2 provides an integrated modeling framework for multi-stage supply chains. In section 3, a state and resource based simulation modeling approach is proposed. Section 4 defines the new analytical measure for component commonality index. This commonality index is used to evaluate the impacts of component commonality on supply chain network performance in section 5. Section 6 investigates the effects of process flexibility on supply chain performance. Section 7 summarizes this research.
An Integrated Modeling Framework for Supply Chain Networks
Supply chains may differ in the network structure (serial, parallel, assembly and arborescent distribution), product structure (levels of Bill-Of-Materials), transportation modes, and degree of uncertainty that they face. However, they have some basic elements in common.
Sites and Stores
A supply chain network can be viewed as a network of functional sites connected by different material flow paths. Generally, there are four types of sites: (1) Supplier sites: they procure raw materials from outside suppliers; (2) Fabrication sites: they transform raw materials into components; (3) Assembly sites: they assemble the components into semi-finished products or finished goods; and (4) Distribution sites: they delivery the finished products to warehouses or customers. All sites in the network are capable of building parts, subassemblies or finished goods in either make-to-stock or make-to-order mode. The part that a site produces is a single-level BOM.
Links
All stores in the supply chain are connected together by links that represent supply and demand processes. Two types of links are defined: internal link and external link. Internal links are used to connect the stores within a site, i.e., they represent the material flow paths from input stores to output stores within a site. Associated with an internal link connecting an input store i to an output store j is a usage count, uij, which indicates the number of SKUs in the input store i required to produce a SKU in the output store j. Along with the usage counts, the internal links connecting input stores and output stores constitute the single-level BOM for that output store. A link connecting an output store of one site to an input store of another site is called an external link. This kind of link represents that the output store provides replenishments to the specified downstream input store. In the network topology, we define that a downstream input store has only one link between it and its upstream output store (Figure 1 ).
The Relationships Between Stores
Let ST be the collection of stores in a supply network and i be a store in ST. The set of directly upstream supplying stores of store i is denoted as UPST(i). The set of directly downstream receiving stores from store i is denoted as DOWNST(i). If i is an input store, then UPST(i) is a singleton set, i.e., it contains only one upstream supplying store. That is, each input store can obtain replenishment from only one supplier. On the other hand, DOWNST(i) consists of one or more output stores at the same site. If i is an output store, then UPST(i) is either empty, in which case i is a source store (e.g., a supplier), or contains one or more stores, which are input stores at the same site. For DOWNST(i), it is either empty, in which case i is an end store, or contains one or more input stores at its downstream site. 
A Component based Simulation Modeling Approach
From a system perspective, a supply chain process consists of the flow of materials, information and services, and the monitoring and control of these flows. Typical activities include: raw material procurement, inventory management, order processing, warehousing, transportation, distribution and production. Supply chain management is concerned with the development of functions to support these activities. Several methods to develop a model of a system have been proposed. Top down development starts with a model at a high abstraction level, this model is refined by a number of disaggregation (or decomposition) steps until the desired level of detail has been reached. Bottom up development starts with some subsystems that are detailed descriptions of some aspect or part of the systems. Then, these sub-models are composed into a model of the entire system. In this research, a mixture of top down and bottom up development is employed to build simulation models. Practical experiences show that some supply chain networks have subsystems that have a lot in common. For example, a distribution center and a production unit have transportation subsystems for internal transport. To support the modeling process it is useful to reuse some typical subsystems, often called components or building blocks. Reusing these components reduces the modeling effort. And, from these reusable components, the rapid reconfiguration of a supply chain network can be achieved. Some requirements on the components include: 1. they can be parameterized, which make them tailored for a specific situation; 2. they have to be robust in the sense that it can handle various inputs, i.e. the number of assumptions about the environment of the component is as few as possible.
Some typical components in a supply chain network are given as follows:
• Raw material supplier: the beginning of the chain STROBOSCOPE is a general-purpose discrete-event simulation language based on activity scanning and activity cycle diagrams (ACDs). A subset of the STROBOSCOPE modeling concepts are directly analogous to those used in timed stochastic colored Petri-nets, but use a different terminology (token=resource; place=queue; transition=activity; arc=link). STROBOSCOPE tokens can be colored with any number of properties and methods. The entire state of the model (e.g., number of tokens in a place, number of times a transition has fired) and the colors of tokens are accessible via variables. Arcs can enable transition firing based on the truth of any expression; allowing arcs to be inhibitors, activators, or to take on any other role. Transition timing can be defined with any valid expression (functions that sample from various probability distributions are available). STROBOSCOPE also includes many powerful extensions not found in Petri-nets (Martinez 1996 ).
STROBOSCOPE's ability to dynamically access the state of the simulation and the properties of the resources involved in an operation differentiates it from other simulation tools. The state of the simulation refers to such things as the number of products in the inventory, the current simulation time, the number of times an activity has occurred, and the last time a particular activity started. Access to properties of resources means that operations can be sensitive to resource properties, such as quantity and holding cost, on an individual or an aggregate basis. The employment of state and resource in simulation will facilitate the implementation procedure since they are strong in modeling dynamic systems with highly interdependent components subject to activity startup conditions.
Network Elements

Resources
Resources are things required to perform tasks. These can be machinery, space, materials, labor, permits, or anything else needed to perform a particular task.
The most important characteristic of a resource is its type. The type of a resource places the resource within a category of resources that share common traits or characteristics.
Queues
Queues are nodes in which resources spend time passively (they are either stored there, or waiting to be used). Each queue is associated with a particular resource type. Queues that hold discrete resources have attributes that control the ordering of the individual resources within the Queue.
Activities
Activities are nodes that represent work or tasks to be performed using the necessary resources. Resources spend time in activities actively (performing a task). Resources involved in activities are productive, sometimes in collaboration with other resources.
Combi activities: represent tasks that start when certain conditions are met.
Normal activities: represent tasks that start immediately after other tasks end. Among all nodes in a network, only activity instances represent tasks that end and release resources. For this reason, only other activities can be predecessors to a Normal Activity.
Links
Links connect network nodes and indicate the direction and type of resources that flow through them. Links have many attributes that can be used to control the flow of resources from the predecessor node to the successor node.
Commonality Index (CI)
The commonality index is a measure of how well the product design utilizes standardized components. A component item is any inventory item (including a raw material) other than an end item that goes into higher-level items. An end item is a finished product or major subassembly subject to a customer order. The commonality index given by Collier (1981) cannot differentiate the product lines with same components but different quantities for each component. Different from Collier, two types of commonality indexes are defined in this paper. One is called component-level (denoted as CIi), which is to provide an indicator on the percentage of a component being used in different products. The other is called product-level (denoted as CIp). There are three variables that will affect the commonality index, which are, number of unique compo-nents (denoted as u), number of total components along the product line (denoted as c), and final number of product varieties offered (denoted as n). To get the appropriate product-level CI, all these three variables along with component-level CI should be considered. The basic idea is that, by ranking the different component-level CI values, the average for the differences of CI values is computed. Then, this average difference will be multiplied by a weight, which is the ratio of (c-n) and u. A special case appears when all componentlevel CI values are same, u<c and n<c. In this case, instead of the average difference, product-level CI is obtained by multiplying anyone component-level CI and the weight. Therefore, to calculate CIp, we first find out the difference between the maximal component-level CI and the minimal component-level CI, which is same as the summation of differences among component-level CI values. Then, we divide the difference by number of unique components to get the average CI difference. Finally, the average CI difference is multiplied by (c-n) so that the information on how broad the components spread in product line is captured.
The following formula is used to calculate the component-level CI:
The lower bound of the component-level CI is 0 (no commonality). The upper bound on the degree of commonality is 1. Complete commonality results when the total number of distinct components (u) equals one.
In reality, it is reasonable to assume that number of total components along the product line is greater than final number of product varieties offered, i.e., c > n. The product-level CI is computed as follows: u = number of unique components n = final number of product varieties offered c = total number of components along the product line ( )
In general, a higher CI is better since it indicates that the different varieties within the product family are being achieved with more common components. Figure 2 illustrates the use of the CI measures for seven sets of two end products (labeled as A and B). Calculation of the CI is shown below each case. Here, we assume that all demands of products are same, i.e., d1 = d2.
Impact of Component Commonality on Integrated Supply Chain Performance
A multi-level inventory system is often controlled either by an installation stock reorder point policy or by an echelon stock reorder point policy. An installation stock policy means that ordering decisions at each installation are based exclusively on the inventory position at this installation. Here, inventory position means the stock on hand and on order minus the backlog. When using an echelon stock policy, ordering decisions at each installation are instead based on the echelon inventory position. The echelon inventory position is obtained by adding the installation inventory positions at the installation and all its down-stream installations. It is previously known that echelon stock policies dominate installation stock reorder point policies for serial and assembly multi-level inventory systems.
The purpose of the simulation study is to evaluate the performance of "integrated supply chain with component commonality" versus "integrated supply chain without component commonality." The simulation model for an integrated supply chain network with echelon stock policy and commonality index of 1 is shown in Figure 3 . This simulation model is a comprehensive model since it contains raw material procurement, manufacturing processes, assembly operations, warehousing, and distribution functions. Three different performance measures are employed in the experiment: order fill rate, delivery time and total cost. The experimental results for fill rate, delivery time, total cost and resource utilization rate are summarized in Table 1 . For each performance measurement, an analysis of variance (ANOVA) is conducted to compare the performance of "integrated supply chain with different component commonality indexes" and "integrated supply chain without component commonality." Here, the performance measures include delivery time and fill rates for different retailers. In the ANOVA, the level of confidence is set as α = 0.05.
H0: µ1 = µ2 = µ3. H1: At least two of the means are not equal. The ANOVA are conducted as follows:
(1) Analysis-of-variance for delivery time (Walpole et al., 1997) . This test allows formation of simultaneous 100(1-α)% confidence intervals for all paired comparisons. The method is based on the studentized range distribution.
From the analysis-of-variance As a result, the following represent means found to be significantly different using Tuksy's procedure:
1 and 2, 2 and 3, 1 and 3.
Therefore, we conclude that the delivery time of integrated supply chain with higher commonality index is significantly (with 95% C.I.) less than that of integrated supply chain with lower commonality index.
(2) Analysis-of-variance for retailers' fill rates As a result, the following represent means found to be significantly different using Tuksy's procedure:
From the above analysis, it can be shown that the fill rates of retailers 1, 2 and 3 of the integrated supply chain with higher commonality index are significantly (with 95% C.I.) higher than those of retailers 1, 2 and 3 of the integrated supply chain with lower commonality index, respectively. Therefore, the fill rates of integrated supply chain with higher commonality index are significantly (with 95% C.I.) higher than those of integrated supply chain with lower commonality index. Furthermore, the relative benefits from component commonality increase with the difference of commonality index values for two supply chain commonality configurations.
(3) Resource utilization rates By comparing the machines' utilization rates for the network configurations with different degree of commonality (see Table 1 ), it can be shown that the integrated supply network with higher commonality index will generate more balanced machines' utilization rates than the one with lower commonality index.
Production Capacity Flexibility in Integrated Supply Chain Networks
Manufacturing Flexibility in Supply Chains
In terms of graph theory, a chain is a connected graph. Within a chain, a path can be traced from any product or machine to any other product or machine via the product assignment links. No product in a chain is manufactured by a machine from outside that chain; no machine in a chain produces a product from outside that chain (Jordan and Graves 1995 , Graves and Tomlin 2003 , Bish, Muriel and Biller 2005 . Figure 4 shows different flexibility configurations for a four-product four-machine stage. Jordan and Graves (1995) demonstrated that the complete chain configuration, in which all products and machines are contained in one chain and the chain is "closed," significantly outperforms the configuration with two distinct chains. If demands are uncertain, multi-stage supply chains face an issue that does not arise in single-stage systems; the bottleneck stage can vary with demand, where the bottleneck stage is that stage that limits throughput. Therefore, one important issue in this research is to examine to what extent the findings of Jordan and Graves apply to multi-stage supply chains. In addition, this chapter will also investigate the impact of manufacturing flexibility in integrated supply chain networks with different degree of component commonality.
Design of Experiments
The simulation model for an integrated supply chain network with echelon stock policy and "one complete chain" is shown in Figure 5 . Two factors are considered in the simulation study, i.e., manufacturing flexibility and degree of commonality. The design points are described as follows: (1) levels for factor 1 (commonality index): 0 (-), 5/8 (+); and (2) levels for factor 2 (manufacturing flexibility): dedicated capacity (-), one complete chain (+).
First, the manufacturing capacity is assumed to be less than or equal to 75% expected demand. After 500 replications of runs, the simulation results are given as follows: Table 6 . Simulation results for integrated supply chains with "one complete chain" and "dedicated capacity
The 2 k factorial design matrix is shown in the following Table 7 . 2 k factorial design matrix with "one complete chain" and "dedicated capacity" (low demand) The average effect of increasing degree of commonality from 0 to 5/8 is to increase the retailer 1's fill rate by 0.175 (23.7%), increase retailer 2's fill rate by 0.0475 (5.24%) and increase retailer 3's fill rate by 0.146 (18.6%).
On the other hand, the average effect of changing manufacturing flexibility from "dedicated capacity" to "one complete chain" is to decrease the retailer 1's fill rate by 0.009 (1.1%), decrease retailer 2's fill rate by 0.0005 (0.27%) and increase retailer 3's fill rate by 0.013 (1.4%). Therefore, it can seen that, when manufacturing capacity is less than or equal to 75% expected demand, the effect of changing the manufacturing flexibility is not significant as changing the degree of commonality. The t-test shows that there is no significant (with 95% C.I.) difference on fill-rate performance between an integrated supply chain with "one complete chain" and an integrated supply chain with "dedicated capacity." The interaction effect can be used to judge whether the effect of one factor depends on the levels of the others. The values of the interaction effect eCF are very small and the corresponding t-test shows that 95% confidence interval for C × F contains zero. So degree of commonality and manufacturing flexibility are not interacting. Similarly, the performance of integrated supply chains with "total flexibility" and "one complete chain" can be evaluated and compared as follows. Table 8 . Simulation results for integrated supply chains with "one complete chain" and "total flexibility"
The design points are described as follows: (1) levels for factor 1 (commonality index): 0 (-), 5/8 (+); and (2) levels for factor 2 (manufacturing flexibility): one complete chain (-), total flexibility (+). Table 9 . 2 k factorial design matrix with "one complete chain" and "total flexibility" (low demand)
CI
The average effect on fill-rate performance by changing manufacturing flexibility from "one complete chain" to "total flexibility" is less than 2%. Therefore, when manufacturing capacity is less than or equal to 75% expected demand, the effect of changing the manufacturing flexibility is not significant.
The corresponding t-test shows that there is no significant (with 95% C.I.) difference on fill-rate performance between an integrated supply chain with "one complete chain" and an integrated supply chain with "total flexibility". Furthermore, it can be observed that the utilization rates of machines become more balanced with the increase of manufacturing flexibility. In the following, the manufacturing capacity is assumed to be approximately equal to expected demand. After 500 replications of runs, the simulation results are given as follows: Table 11 . 2 k factorial design matrix with "one complete chain" and "dedicated capacity" (equal demand)
The average effect of increasing degree of commonality from 0 to 5/8 is to increase the retailer 1's fill rate by 0.09 (11.6%), increase retailer 2's fill rate by 0.0325 (3.7%) and increase retailer 3's fill rate by 0.1305 (16.4%).
The average effect of changing manufacturing flexibility from "dedicated capacity" to "one complete chain" is to increase the retailer 1's fill rate by 0.058 (7.35%), increase retailer 2's fill rate by 0.0425 (4.87%) and increase retailer 3's fill rate by 0.0685 (8.27%). Therefore, it can seen that, when manufacturing capacity is approximately equal to expected demand, the effect of changing the manufacturing flexibility is significant. The t-test shows that there is a significant (with 95% C.I.) increase on fill-rate performance by changing from an integrated supply chain with "dedicated capacity" to an integrated supply chain with "one complete chain."
The values of the interaction effect eCF are very small and the corresponding ttest shows that 95% confidence interval for C × F contains zero. So the degree of commonality and the manufacturing flexibility are not interacting.
Similarly, for equal demand situation, the performance of integrated supply chains with "total flexibility" and "one complete chain" can be evaluated and compared as follows. Table 12 . 2 k factorial design matrix with "one complete chain" and "total flexibility" (equal demand)
The average effects (for three retailers) on fill-rate performance by changing manufacturing flexibility from "one complete chain" to "total flexibility" are less than 2%. Therefore, when manufacturing capacity is approximately equal to expected demand, the effect of changing the manufacturing flexibility is not significant. The corresponding t-test shows that there is no significant (with 95% C.I.) difference on fill-rate performance between an integrated supply chain with "one complete chain" and an integrated supply chain with "total flexibility." Same as the low demand situation, it can be observed that the utilization rates of machines become more balanced with the increase of manufacturing flexibility.
Conclusions
Effective configuration of the supply chain networks is nowadays recognized as a key determinant of competitiveness and success for most manufacturing organizations. This paper focuses on the simulation study of integrated supply chain network configurations and performance analysis. First, this paper presents an integrated modeling framework for supply chains that can be used to model the different network topologies such as serial, parallel, assembly and arborescent structures. Second, a component-based simulation modeling approach is suggested. The advantage of the componentbased simulation framework is that the reconfiguration of supply chain networks for different design alternatives can be easily achieved. To keep the op- The primary goal of this book is to cover the state-of-the-art development and future directions in modern manufacturing systems. This interdisciplinary and comprehensive volume, consisting of 30 chapters, covers a survey of trends in distributed manufacturing, modern manufacturing equipment, product design process, rapid prototyping, quality assurance, from technological and organisational point of view and aspects of supply chain management.
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